Abstract. Nowadays increasing attention turns to the harmonic penetration analysis of the alternating voltage network connected devices operating with pulse width modulation (PWM). The PWM operation causes high frequency current injection to the grid (at the frequency range: 1kHz to 100kHz, depending on the power and the structure of the device). However, devices are now rolling out, that are infected by these current components, for example: power line communication (PLC) devices, smart metering devices, etc. It is very difficult to analyse such high frequency harmonic components with measurements. Therefore, the simulation analyses of the PWM devices harmonic penetration are revalued. These are cost efficient and fast. This article is dealing with the harmonic penetration analyses of alternating voltage network connected DC-link frequency converters equipped with active rectifier. In our study we were focusing on the variable frequency drive (VFD) of squirrel cage induction motors (SCIM). Simulation models of the motor and a DC-link frequency converter were built in time domain. The main purpose of this paper is, to study whether the effect of the motor-side converter of the VFD and the motor can be neglected for the harmonic penetration analyses of the DC-link frequency converter.
Introduction
Most of the AC network connected power electronic devices contain an internal DC-link. In these applications line-side converter connect the DC-link to the AC network, which is usually a diode rectifier. They only allow single-direction power flow and cause significant harmonic distortion. Instead of the simple diode rectifiers, active rectifiers are more widely spread that enable to fit the standards of the power quality. In some applications they allow bidirectional power flow. Usually the active rectifiers are operated with PWM modulation that injects high-frequency current harmonics into the AC grid. The high-frequency harmonics caused by lowpower devices are negligible, while high-power devices operated with low switching frequency inject highamplitude high-frequency current harmonics. This causes problems, because such devices are now rolling out, that are infected by these current components, for example: power line communication (PLC) devices, smart metering devices, etc. Moreover, the standards do not limit these current components. DC-link variable frequency drive systems (VFD) or photovoltaic inverter units (PV) are good examples for AC network connected high-power devices. In the VFDs DC/AC converter (motor-side converter), while in the PVs DC/DC converter is connected to the internal DC-link. Usually these are operated with PWM modulation. Increasing numbers of researches are dealing with the high-frequency current harmonic penetration of highpower drive systems. In several studies the DC-link connected DC/AC or DC/DC converters are substituted by voltage-or current generator. This approximation can significantly reduce the duration of the examination. Nevertheless none of the studies deal with the issue whether this approximation is correct considering the high-frequency current harmonics caused by the PWM operation. [1] , [2] , [3] . This paper is dealing with DC-link variable frequency drives that control squirrel cage induction motors. With simulation techniques we were examining the effect on the harmonic penetration of a VFD if the motor-side converter and the motor are modelled with an ideal current generator. Therefore we could find an answer whether the approximation is correct that is used by other studies.
VFD models
Based on differential equations we built the model and the control of a SCIM machine. In the models Park vectors were applied. The models were built in Matlab Simulink environment. Per-unit quantities were used, therefore the former equations are written in per-units. The block diagram of the implemented VFD models is shown on Fig.1 . 
A. Line-side converter models
In the simulation the line-side converter was modelled as a bridge-type converter that enables bidirectional power flow (Fig.2,3 ). An inductance and a resistancerepresenting the model of a transformer -were connected between the line-side converters and the grid. In our work we examined single-and three-phase grid connected VFDs respectively. 
• The power equations, can be written for both sides of a grid tie converter (lossless converter assumed) 1ph:
• The current of the DC-link: ݅ = ݅ + ݅
• The current of the buffer capacitor:
To fulfil the requirements of "network-friendly" equipments, the line-side converters need to have an adequate control circuit. In our study it was equipped with a cascade control (Fig.5,6 .). This structure is commonly used. The primary control loop of the cascade is a DC-voltage-control (v DC ) and the secondary loop is grid currents (i ga , i gb , i gc ) control. This structure guarantees a high power factor and an adequate grid current shape. In the control circuit the synchronization signal generator produces the fundamental of the grid voltage at the points of common coupling (PCC). Therefore the inverters were operated with sinusoidal current reference signal. The line-side converters were operated by pulse width modulation (PWM) units. The "traditional" PWM method was implemented, in each phase a sine wave was compared with a triangular signal. Our simulation environment is capable for observing other PWM techniques. The single-phase connected inverters were operated by alternative PWM, because the current ripples can be reduced with this modulation technique.
• The operation of the single-phase connected line-side converter PWM modulation (ideal switching elements were assumed):
• The operation of the three-phase connected line-side converter PWM modulation (ideal switching elements were assumed, Fig.7 . represents the characteristic waveforms of one phase): Fig.7 . Characteristic waveforms of a three-phase PWM
B. Motor-side converter and SCIM model
In our simulations the squirrel cage induction machine was controlled by a two-level voltage source inverter. Nowadays this structure is the most widely used. The schematic circuit diagram of the motor-side converter and the motor is shown in Fig.8 , that is similar to the three-phase grid connected line-side converter. The converter was operated by three-phase PWM that was mentioned in Chapter 2.A.
Fig.8. Schematic circuit diagram of the motor-side converter
The motor-side converter was equipped with speed control which was realized by field oriented current control (Fig.9. ) [4] . This structure is commonly used. In the models the current control was performed in field coordinates. The speed, the rotor flux and the current component controllers were implemented with PI controllers. The coordinate system of the control method is oriented to the rotor field. Other control methods of the SCIM are also widely used, but this structure was sufficient for the harmonic penetration analysis.
In the control system of a real SCIM a machine model should be implemented that produce the position, the amplitude and the speed of the rotor flux. Our simulation model of the SCIM produces these quantities; therefore a separate machine model was not needed. The inputs of our SCIM model (Fig.8 red box) are: the phase voltage of the motor-side converter, while the model generates the motor speed (ω), α and β current components (i α , i β ), and the position, the amplitude and the speed of the rotor flux (α Ψr, Ψ r, ω Ψr ). The motor model was built based on the equivalent circuit of the SCIM ( The motor model was prepared by ordering these equations, and by using the following equations [5] : Table 1 presents the applied quantities of the models. The line-and the motor-side converters were operated with the same switching frequency. 
Simulation studies and results
After the model had been built, we performed simulation analyses for the whole VFD. First three-phase grid connected line-side converter was assumed, and then the simulation analyses were performed with single-phase grid connected line-side converter. The figures of Chapter 3 and 4 represent the case, when the converter is connected to the three-phase grid, but Table 2 summarizes the results of each case.
The whole drive system was analysed during acceleration, constant speed and braking. Fig.11 . presents a simulation result for an SCIM:
I. flux evolution, II. acceleration with maximum torque III. field weakening IV. constant speed V. braking Fig.11 . Time functions of a SCIM During acceleration, constant speed and braking we observed the current load of the motor-side converter (i DCl in Fig.2, Fig.3, Fig..8.) . Then it was filtered by a low-pass filter and we received i DClf . (Fig.12) . The i DClf is not containing the high frequency components of i DCl . Fig.12 Current load of the motor-side converter
In the followings we assume realistic case, when the motor-side converter and the motor are considered as a realistic model (with i DCl ). On the other hand ideal case is assumed, when these are simplified as an ideal current generator (with i DClf ), e.g. the red box in Fig.1 is taken into account as an idealistic current generator. Fig.4 . shows the consumed grid current of the VFD in one phase and the DC-link voltage while realistic (i ga , v DC ) and ideal (i gaid , v DCid ) cases were assumed. The figure presents the grid voltage as well (v g ). 
Spectrum analyses
Based on the time functions (Fig.13.) it is difficult to observe the differences between the two cases. Therefore spectrum analyses of the grid currents were performed to the 115 th harmonic. One period was selected in acceleration (A), constant speed (B) and braking (C), the spectrum analyses were made in these periods. A coefficient was defined to analyse the differences of the cases (where ν=1,3…115: harmoni I: amplitudes).
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We calculated the coefficient VFD is connected to the three single-phase grid (1ph). The results of Table 2 were received. It turned out minimal differences ca observed between the ideal and realistic cases. 
Conclusions
Based on the simulation results, it turned out, the effect of the motor-side converter and the motor can be neglected for the harmonic penetration analyses of the DC-link frequency converter equipped with active rectifier. These parts can be con ideal current source. 
